1. Introduction {#s1}
===============

Nociceptive pain occurs in response to noxious stimuli mediated by a specialized high-threshold sensory system, from the periphery through the spinal cord, brainstem, and thalamus to the cerebral cortex.^[@R54]^ If intense, treatment is usually based on mu-opioid receptor (MOR) agonists like morphine, which are able to attenuate nociceptive transmission but at high risk of significant adverse reactions, including respiratory depression.^[@R18],[@R41]^ Neuropathic pain is a spontaneous pain and hypersensitivity to pain that develops after nerve injury, when deleterious changes occur in injured neurons and along nociceptive and descending modulatory pathways in the central nervous system.^[@R9]^ In contrast to nociceptive pain, neuropathic pain tends to be refractory to conventional analgesics including opioids. Among patients suffering from chronic pain, one-fifth are thought to have predominantly neuropathic pain.^[@R6]^ Various mechanisms have been reported to explain the development of neuropathic pain,^[@R9],[@R54]^ but only limited treatments have been shown to be efficient.^[@R10]^ Tramadol, a MOR agonist and serotonin/norepinephrine reuptake inhibitor, is currently recommended as first-line treatment,^[@R14]^ although there is risk of opioid-related side effects such as those seen with morphine, in addition to seizures and serotonin syndrome.^[@R3]^ Interestingly, nociceptin (NOP) receptors, previously called opioid receptor-like-1 (ORL1), modulate nociceptive transmission when activated by its endogenous ligand, nociceptin/orphanin FQ (N/OFQ).^[@R34]^ Both NOP receptor agonists and antagonists have been reported to reduce neuropathic pain and potentiate morphine effects, thus potentially representing effective drugs for the future.^[@R25],[@R39],[@R54]^

Previously, efforts were focused at developing peptidic hybrid compounds combining MOR agonism and NOP receptor antagonism in order to treat both nociceptive and neuropathic pain with reduced opioid side effects.^[@R13],[@R19],[@R51]^ The targets of these 2 pharmacophores are usually collocated,^[@R40],[@R53]^ and consequently, such hybrids may serve as a dual treatment for both kinds of pain. The recently developed KGNOP1 combines 2 pharmacophores: a mu-, delta-, and kappa-OR peptide agonist called KGOP1 aimed at acting on nociception and a weak NOP receptor antagonist called KGNOP3 made to develop anti-neuropathic pain activity (Table [1](#T1){ref-type="table"}).^[@R13]^ Furthermore, KGNOP1 is able to penetrate the blood--brain barrier and has stability against enzymatic degradation.^[@R13]^ Potential benefits of co-targeting MOR and NOP receptors were additionally supported by the recent clinical development of cebranopadol as novel opioid analgesic.^[@R26],[@R28],[@R47]^ In contrast to our newly discovered MOR/NOP hybrid ligand, KGNOP1, showing NOP antagonism, cebranopadol is a full agonist at the NOP receptor. Besides, as agonist of the kappa-OR, cebranopadol may have the capacity to produce psychotomimetic effects and other adverse reactions at sufficiently high doses, a property that could potentially limit its practical clinical dosage range.^[@R42]^

###### 

In vitro properties of the different investigated peptides, KGNOP1 (the hybrid, Dmt-D-Arg-Aba-β-Ala-Arg-Tyr-Tyr-Arg-Ile-Lys-NH~2~), KGOP1 (the opioid receptor agonist, Dmt-D-Arg-Aba-β-Ala-NH~2~), and KGNOP3 (the nociceptin receptor antagonist, Ac-Arg-Tyr-Tyr-Arg-Ile-Lys-NH~2~).
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Thus, since MOR agonist/NOP receptor antagonist hybrids potentially represent a major advance for pain research, we studied the respective KGNOP1-related behavioral effects in the rat for each type of pain in comparison to the 2 clinically relevant opioid analgesics, morphine for nociceptive pain and tramadol for neuropathic pain. Furthermore, we investigated whether KGNOP1 is capable of developing substantially reduced respiratory toxicity in order to improve the benefit-to-risk ratio of the currently available opioids.

2. Materials and methods {#s2}
========================

All the experimental protocols used in this study were carried out within the ethical guidelines established by the National Institutes of Health, the French Minister of Agriculture, and the European Union Legislation. Protocols were approved by the local ethics committee for animal experimentation of Paris-Descartes University.

2.1. Animals {#s2-1}
------------

Male Sprague-Dawley rats (Janvier Labs, Le Genset-Saint-Isle, France) were used, weighing between 250 and 350 g at the time of the experiment. Animals were housed for 7 days before the experiment in an environment maintained at 21°C ± 0.5°C with controlled humidity and light--dark cycle (lights on between 08:00 and 20:00 hours). Food and tap water were provided ad libitum.

2.2. Chemicals and drugs {#s2-2}
------------------------

Morphine sulfate (molecular weight \[MW\]: 285.3 g/mol) was purchased from Francopia, Paris, France. Tramadol hydrochloride (MW: 263.4 g/mol) was purchased from Grünenthal Gmbh, Aachen, Germany. KGNOP1 (H-Dmt-D-Arg-Aba-βAla-Arg-Tyr-Tyr-Arg-Ile-Lys-NH~2~; MW: 1474.8 g/mol), KGOP1 (H-Dmt-D-Arg-Aba-βAla-NH~2~; MW: 594.7 g/mol), and KGNOP3 (Ac-Arg-Tyr-Tyr-Arg-Ile-Lys-NH~2~; MW: 939.1 g/mol) were produced in the Research Group of Organic Chemistry at the Vrije Universiteit Brussels, Belgium, according to previously described procedures.^[@R13]^ All drugs were diluted in 0.9% NaCl to obtain the different required concentrations.

2.3. Jugular catheterization {#s2-3}
----------------------------

One week before the testing, the rat jugular vein was catheterized using 20-cm silastic tubing with external and internal diameters of 0.94 and 0.51 mm, respectively (Dow Corning Co, Midland, MI), and under ketamine (70 mg/kg) and xylazine (10 mg/kg) anesthesia. Catheters were tunneled subcutaneously and fixed at the back of the neck. Heparinized saline was injected into the catheter to avoid thrombosis and catheter obstruction. Rats were then returned to their individual cages for 7 days, allowing complete anesthesia washout and complete recovery. On the day of the experiment, rats were placed in horizontal Plexiglas cylinders (6.5 cm internal diameter, up to 20 cm adjustable length) (Harvard Apparatus, Inc, Holliston, MA), modified by the addition of several holes at the cephalic end to avoid CO~2~ rebreathing.^[@R8]^ Before drug administration, the catheter was exteriorized, purged, and its permeability checked.

2.4. Model of neuropathic pain induced by a chronic constriction injury of the sciatic nerve {#s2-4}
--------------------------------------------------------------------------------------------

We used the chronic constriction injury of the sciatic nerve (SN-CCI) model to induce neuropathic pain in rats.^[@R4]^ The rat\'s right sciatic nerve was exposed under anesthesia using ketamine (70 mg/kg intraperitoneally \[IP\]) and xylazine (10 mg/kg IP). Subsequently, the nerve was ligated proximally to the sciatic trifurcation with four 4-0 chromic gut sutures (Ethicon, Issy-les-Moulineaux, France). Rats were then returned to their individual cages for a recovery period of 14 days, allowing complete anesthesia washout and neuropathic pain development.

2.5. Cold-plate test {#s2-5}
--------------------

The individual SN-CCI rats were kept inside a transparent cylinder on the cooled surface of the plate (4.0°C ± 0.2°C; Panlab, Barcelona, Spain).^[@R15]^ The total leg lift counts of the right hind paw were counted for 5 minutes. Counts were excluded when the hind paw was lifted while walking. The first measurement was performed after a 10-minute period of accommodation while the animal was quiet. Drugs were intravenously (IV) administered at T~0~. Cold hyperalgesia was recorded at −45, −30, −15, 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, and 420 minutes (study 1A). Dose--effect relationships were investigated at the time corresponding to the observed peak effect (T~max~) (study 1B). The percentage of decrease in leg lift counts was calculated based on the following equation:

2.6. Hot-plate test {#s2-6}
-------------------

The individual rats were kept inside a transparent cylinder on the heated surface of the plate (52.0°C ± 0.2°C; Panlab).^[@R27]^ Licking, brisk shaking of the hind paw, and jumping were considered as signs of thermal nociception. The cut-off time was set at 60 seconds. The first measurement was performed after a 10-minute period of accommodation while the animal was quiet. Drugs were intravenously (IV) administered at T~0~. Thermal nociception was recorded at −30, −15, −5, 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, and 420 minutes (study 2A). Dose--effect relationships were investigated at the time corresponding to the observed peak effect (T~max~) (study 2B). The maximum possible effect (MPE%) was calculated based on the following equation:

2.7. Whole-body plethysmography {#s2-7}
-------------------------------

One week before the testing, temperature transmitters (TA-F10; DSI, Chatillon, France) were implanted in the peritoneal cavity of the rat. Ventilatory parameters were recorded in a whole-body plethysmograph by the barometric method described and validated in the rat.^[@R2]^ On the day of experimentation, animals were placed in a rectangular Plexiglas (Harvard Apparatus, Inc) chamber with a 3-L volume connected to a reference chamber of the same size by a high-resistance leak to minimize the effect of pressure changes in the experimental room. The animal chamber was flushed continuously with humidified air at a 5 L/min rate. During the recording periods, the inlet and outlet tubes were temporarily clamped and pressure changes associated with each breath were recorded using a differential pressure transducer (45 ± 3 cm·H~2~O; Validyne MP, Northridge, CA) connected to the animal and reference chambers. The spirogram was recorded and stored on a computer with an acquisition data card (PCI-DAS 1000; Dipsi, Chatillon, France) using a respiratory acquisition software (Acquis1 Software; CNRS, Gif-sur-Yvette, France) for off-line analysis. This technique was daily validated with a series of leak tests (leak was signaled if diminution of the signal amplitude exceeded 33% in 5 seconds). Before each measurement, the temperature of the enclosure, the temperature of the animal, the volume of calibration, and the atmospheric pressure were noted to permit the calculation of plethysmography parameters. The first measurement was performed after a 30-minute period of accommodation, while the rat was quiet and not in deep or rapid eye movement sleep, as roughly estimated from their behavior, response to noise, and pattern of breathing. Then, the rat was gently removed from the chamber for IP injection at T~0~ and replaced in the chamber for the remaining measurements. Ventilation was recorded at −30, −15, −5, 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300, and 360 minutes (each record lasting about 60 seconds, study 3A). Dose--effect relationships were investigated at the time corresponding to the observed peak effect (T~max~) (study 3B). The following parameters were measured: the tidal volume (V~T~), the inspiratory time (T~I~), and the expiratory time (T~E~). Additional parameters were calculated, including the respiratory frequency (f) and the minute volume (V~M~ = V~T~ × f). In the study of dose--effect relationships, we considered for each plethysmography parameter the normalized variable as follows: Parameter (T~max~) − Parameter (T~0~).

2.8. Dose--effect relationships modelling {#s2-8}
-----------------------------------------

For each test drug, the relationships between the effects (E) on respiratory, thermal nociception, and cold hyperalgesia as a function of the drug dose (D) were described using the sigmoidal E~max~ model, as follows:where E~0~ is the baseline value of the measured parameter, E~max~ represents the maximum effect, ED~50~ represents the median effective dose, ie, the dose of the drug associated with the half-maximum effect, and γ (or Hill coefficient) determines the steepness of the dose vs response curve. The pharmacological model was applied to the investigated drug effects using the maximum likelihood expectation maximization algorithm implemented in WinNonlin (Version 5.1; Pharsight, Princeton, NJ). A standard error variance model was defined as:where y~i~ is the ith predicted value from the pharmacological model. All model parameters were assumed to be log-normally distributed. Model selection was based on goodness-of-fit criteria, which included the convergence criterion (CV%), the Akaike information criterion, the estimation criterion value for the maximum likelihood method, and the visual inspection of predicted vs observed and residual plots. Estimated parameters for dose--effect relationships are expressed as mean (CV%).

2.9. Study design {#s2-9}
-----------------

### 2.9.1. Study 1: cold hyperalgesia in SN-CCI rats {#s2-9-1}

To investigate the time-course (study 1A), SN-CCI rats were randomized into 4 groups (N = 6 per group) to receive IV 0.9% NaCl (control group), 17.62 μmol/kg tramadol, 0.34 μmol/kg KGNOP1, or 0.34 μmol/kg KGNOP3. Cold hyperalgesia was assessed during 420 minutes after the drug administration. T~max~ was determined for each drug.

To investigate the dose--effect relationships (study 1B), SN-CCI rats were randomized (N = 6 per group) to receive IV tramadol at 4 different doses (4.40, 8.81, 44.04, and 88.08 μmol/kg) or IV KGNOP1 at 5 different doses (6.78 × 10^−5^, 6.78 × 10^−4^, 6.78 × 10^−2^, 0.51, and 0.68 μmol/kg) or IV KGNOP3 at 5 different doses (0.11, 0.22, 1.06, 1.60, and 5.32 μmol/kg). Cold hyperalgesia was performed to assess the ED~50~ at the T~max~ previously observed in study 1A.

### 2.9.2. Study 2: thermal nociception in rats {#s2-9-2}

To investigate the time-course (study 2A), rats were randomized into 3 groups (N = 6 per group) receiving IV 0.9% NaCl (control group), 17.52 μmol/kg morphine, or 0.34 μmol/kg KGNOP1. Thermal nociception was measured during 420 minutes after the drug administration. T~max~ was determined for each drug.

To investigate the dose--effect relationships (study 2B), rats were randomized (N = 6 per group) to receive IV morphine at 5 different doses (1.75, 5.26, 8.76, 14.02, and 35.05 μmol/kg) or IV KGNOP1 at 4 different doses (0.07, 0.17, 0.51, and 0.68 μmol/kg). Thermal nociception was performed to assess the ED~50~ at the T~max~ previously observed in study 2A.

### 2.9.3. Study 3: respiratory effects in rats {#s2-9-3}

To investigate the time-course (study 3A), rats were randomized (N = 6 per group) to receive IV 0.9% NaCl (control group), 17.62 μmol/kg tramadol, 17.52 μmol/kg morphine, 0.34 μmol/kg KGNOP1, or 0.34 μmol/kg KGOP1. The respiratory effects were assessed using plethysmography during 360 minutes after drug administration. T~max~ was determined for each drug.

To investigate the dose--effect relationships (study 3B), rats were randomized (N = 6 per group) to receive IV tramadol (44.04, 66.06, 88.08, and 94.91 μmol/kg), IV morphine (8.76, 13.14, 43.81, 87.61, 131.42, and 175.23 μmol/kg), IV KGNOP1 (0.17, 0.68, 1.02, and 1.19 μmol/kg) or IV KGOP1 (0.67, 1.01, 1.35, and 1.68 μmol/kg). The plethysmography effects were studied to assess the ED~50~ at the T~max~ previously observed in study 3A.

### 2.9.4. Study 4: benefit-to-respiratory toxicity ratio {#s2-9-4}

Using the ED~50~ values of each drug effects on V~M~ and cold hyperalgesia, we calculated the benefit-to-respiratory toxicity ratio of KGNOP1 in comparison to tramadol in the SN-CCI rat as follows:

Using the ED~50~ values of each drug effects on V~M~ and thermal nociception, we calculated the benefit-to-respiratory toxicity ratio of KGNOP1 in comparison to morphine in the rat as follows:

2.10. Data analysis {#s2-10}
-------------------

Results are expressed as mean ± standard error of the mean. For cold hyperalgesia, thermal nociception, and plethysmography parameters, T~0~ was the mean of the 3 baseline measurements. Regarding the time-course of each pharmacological effect, comparisons were performed using 2-way analysis of variance followed by multiple comparison tests using Sidak correction (studies 1A, 2A, and 3A). To permit the simultaneous analysis of the effects of time and treatment on the rat behavioral parameters, we calculated for each animal and for each studied parameter, the area under the curve (AUC) from T~0~ to the completion of the measurement using the trapezoid method. For each parameter, we compared the AUCs using Kruskal--Wallis tests (studies 1A, 2A, and 3A). All tests were analyzed using Prism version 6.0 (GraphPad Software, Inc, San Diego, CA), and *P*-values of less than 0.05 were considered as significant.

3. Results {#s3}
==========

3.1. Cold hyperalgesia in SN-CCI rats {#s3-1}
-------------------------------------

Intravenous administration of KGNOP1, KGNOP3, and tramadol to SN-CCI rats significantly decreased the percentage of leg lift counts in comparison to the baseline at T~0~, peaking at 5 minutes after drug injection (*P* \< 0.0001, *P* \< 0.01, and *P* \< 0.0001, respectively). The effects of KGNOP1 and KGNOP3 persisted up to 420 minutes (*P* \< 0.0001 and *P* \< 0.01, respectively), whereas tramadol-related effects declined after 60 minutes (*P* \< 0.05). Using the AUC method, the percentage of leg lift counts was significantly decreased in KGNOP1-treated rats compared to the controls (*P* \< 0.05; Fig. [1](#F1){ref-type="fig"}). Using the sigmoidal model, the ED~50~ values of KGNOP1-, KGNOP3-, and tramadol-induced effects on cold hyperalgesia were 0.0004, 0.32, and 12.1 μmol/kg, respectively (Fig. [2](#F2){ref-type="fig"} and Table [2](#T2){ref-type="table"}).

![Drug effects on cold hyperalgesia in SN-CCI Sprague-Dawley rats. The effects on cold hyperalgesia of intravenous 0.9% NaCl (control), 0.34 μmol/kg KGNOP1, 0.34 μmol/kg KGNOP3, and 17.62 μmol/kg tramadol using the cold-plate test were tested (N = 6 per group). (A) The percentage of decrease in leg lift counts was measured as a function of time. Results are expressed as mean ± SEM. Comparisons to the baselines were performed using 2-way analysis of variance. \*\*\*\**P* \< 0.0001 for KGNOP; \#*P* \< 0.05, \#\#*P* \< 0.05, \#\#\#*P* \< 0.001 for KGNOP3; \$*P* \< 0.05, \$\$*P* \< 0.01, \$\$\$*P* \< 0.001, \$\$\$\$*P* \< 0.0001 for tramadol. (B) Areas under these curves (AUC) were represented. Results are expressed as mean ± SEM. Comparisons were performed using Kruskal--Wallis test. \**P* \< 0.05. SEM, standard error of the mean; SN-CCI, chronic constriction injury of the sciatic nerve.](jop-158-505-g008){#F1}

![Dose--effect relationships on cold hyperalgesia in SN-CCI Sprague-Dawley rats. The effects on cold hyperalgesia using the cold-plate test as a function of intravenous dose of KGNOP1, KGNOP3, and tramadol were tested (N = 6 per group). The relationships were well-described by the sigmoidal E~max~ model. Solid lines represent the mean model-predicted profiles compared to the mean experimental data ± standard error of the mean. SN-CCI, chronic constriction injury of the sciatic nerve.](jop-158-505-g009){#F2}

###### 

Modeling of dose--effect relationships.
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3.2. Thermal nociception in rats {#s3-2}
--------------------------------

Morphine significantly increased the MPE% in rats during the first hour after IV injection in comparison to the baseline at T~0~, peaking at 30 minutes (*P* \< 0.0001). KGNOP1-related effects were delayed at 180 minutes (*P* \< 0.01). Using the AUC method, the MPE% was significantly increased in morphine-treated rats compared to the controls (*P* \< 0.05), whereas KGNOP1-related effects on thermal nociception did not significantly differ from those of morphine (Fig. [3](#F3){ref-type="fig"}). Using a sigmoidal model, the ED~50~ values of KGNOP1- and morphine-induced effects on thermal nociception were 0.41 and 14.7 μmol/kg, respectively (Fig. [4](#F4){ref-type="fig"} and Table [2](#T2){ref-type="table"}).

![Drug effects on thermal nociception in Sprague-Dawley rats. The effects on thermal nociception of intravenous 0.9% NaCl (control), 0.34 μmol/kg KGNOP1, and 17.52 μmol/kg morphine using the hot-plate test were tested (N = 6 per group). (A) The maximum possible effect (MPE%) was measured as a function of time. Results are expressed as mean ± SEM. Comparisons to the baselines were performed using 2-way analysis of variance. \**P* \< 0.05, \*\**P*\<0.01 for KGNOP1, §§§§*P* \< 0.0001 for morphine. (B) Areas under these curves (AUC) were represented. Results are expressed as mean ± SEM. Comparisons were performed using Kruskal--Wallis test. \**P* \< 0.05. SEM, standard error of the mean.](jop-158-505-g011){#F3}

![Dose--effect relationships on thermal nociception in Sprague-Dawley rats. The effects on thermal nociception using the hot-plate test as a function of the intravenous dose of KGNOP1 and morphine were tested (N = 6 per group). The relationships were well-described by the sigmoidal E~max~ model. Solid lines represent the mean model-predicted profiles compared to the mean experimental data ± standard error of the mean.](jop-158-505-g012){#F4}

3.3. Respiratory effects in rats {#s3-3}
--------------------------------

Significant increase in T~I~ started at 5 minutes after IV morphine injection (*P* \< 0.0001), whereas a delay of 120 minutes was observed after IV KGNOP1 injection (*P* \< 0.05) and a delay of 180 minutes after IV KGOP1 and tramadol injection (*P* \< 0.05) (Fig. [5](#F5){ref-type="fig"}). Effects on T~I~ persisted up to 360 minutes for the 4 drugs (*P* \< 0.001). KGNOP1 significantly decreased T~E~ from 5 minutes (*P* \< 0.05) to 240 minutes after the injection (*P* \< 0.01). KGOP1 significantly decreased T~E~ from 15 minutes (*P* \< 0.05) to 120 minutes after the injection (*P* \< 0.05). Morphine and tramadol did not exhibit significant effects on T~E~ in comparison to baseline at T~0~. Regarding V~T~, only morphine exhibited significant effects, with an observed reduction at 5, 90, 120, 180, 240, 300, and 360 minutes after the injection (*P* \< 0.01). Morphine decreased V~M~ at 30 minutes after the injection (*P* \< 0.05), whereas KGNOP1 increased V~M~ from 5 to 45 minutes (*P* \< 0.01) and KGOP1 increased V~M~ at 15 minutes after the injection (*P* \< 0.05). Peaks of respiratory effects were observed at 30 minutes with morphine and tramadol, at 180 minutes with KGNOP1, and at 240 minutes with KGOP1.

![Drug effects on plethysmography parameters in Sprague-Dawley rats. The effects on plethysmography parameters, including inspiratory time, expiratory time, tidal volume, and minute volume, of intravenous 0.9% NaCl (control), 0.34 μmol/kg KGNOP1, 0.34 μmol/kg KGOP1, 17.52 μmol/kg morphine, and 17.62 μmol/kg tramadol were tested (N = 6 per group). The plethysmography parameters were measured as a function of time. Results are expressed as mean ± standard error of the mean. Comparisons to the baselines were performed using 2-way analysis of variance. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 for KGNOP1; ¤*P* \< 0.05, ¤¤*P* \< 0.05, ¤¤¤*P* \< 0.001, ¤¤¤¤*P* \< 0.0001 for KGOP1; §*P* \< 0.01, §§*P* \< 0.01, §§§*P* \< 0.001, §§§§*P* \< 0.0001 for morphine; \$*P* \< 0.05, \$\$*P* \< 0.01, \$\$\$*P* \< 0.001 for tramadol; °*P* \< 0.05, °°*P* \< 0.01, °°°*P* \< 0.001, °°°°*P* \< 0.0001 for control group.](jop-158-505-g013){#F5}

Using the AUC method, T~I~ was significantly increased in morphine-treated rats in comparison to controls (*P* \< 0.05) but not in rats receiving KGNOP1, KGOP1, or tramadol (Fig. [6](#F6){ref-type="fig"}). T~E~ was not significantly altered by the different treatments in comparison to the control group; however, T~E~ was significantly decreased in KGNOP1-treated rats in comparison to morphine- and tramadol-treated rats (*P* \< 0.05 and *P* \< 0.01, respectively). Similarly, V~T~ was not significantly altered in comparison to the controls; however, V~T~ was significantly decreased in KGNOP1-treated rats in comparison to morphine-treated rats (*P* \< 0.05). Consequently, only V~M~ was significantly decreased in tramadol-treated rats compared to controls (*P* \< 0.05).

![Drug effects on plethysmography parameters in Sprague-Dawley rats. The effects on plethysmography parameters, including inspiratory time, expiratory time, tidal volume and minute volume, of intravenous 0.9% NaCl (control), 0.34 μmol/kg KGNOP1, 0.34 μmol/kg KGOP1, 17.52 μmol/kg morphine, and 17.62 μmol/kg tramadol were tested (N = 6 per group). The plethysmography parameters were measured as a function of time. Areas under these curves (AUC) were represented. Results are expressed as mean ± standard error of the mean. Comparisons were performed using Kruskal--Wallis test. \**P* \< 0.05, \*\**P* \< 0.01.](jop-158-505-g014){#F6}

Using the sigmoidal model, the ED~50~ values of KGNOP1-, KGOP1-, morphine-, and tramadol-induced effects on T~I~ were 0.63, 0.52, 12.2, and 50.9 μmol/kg, respectively (Fig. [7](#F7){ref-type="fig"} and Table [2](#T2){ref-type="table"}). The ED~50~ values of KGNOP1-, KGOP1-, morphine-, and tramadol-induced effects on V~M~ were 0.57, 0.66, 10.6, and 50.0 μmol/kg, respectively.

![Dose--effect relationships on inspiratory time (T~I~) and minute volume (V~M~) in Sprague-Dawley rats. T~I~ (T~max~) − T~I~ (T~0~) and V~M~ (T~max~) − V~M~ (T~0~) as a function of the intravenous dose of KGNOP1, KGOP1, morphine, and tramadol were tested (N = 6 per group). The relationships were well-described using the sigmoidal E~max~ model. Solid lines represent the mean model-predicted profiles compared to the mean experimental data ± standard error of the mean.](jop-158-505-g015){#F7}

3.4. Benefit-to-respiratory toxicity ratios {#s3-4}
-------------------------------------------

Concerning the neuropathic pain treatment, the calculated benefit-to-respiratory toxicity ratio was 7.02 × 10^−4^ for KGNOP1 in comparison to 0.24 for tramadol. Regarding nociceptive pain treatment, benefit-to-respiratory toxicity ratio was 0.72 for KGNOP1 in comparison to 1.39 for morphine.

4. Discussion {#s4}
=============

In the present study, we report on the new bifunctional peptide MOR agonist/NOP receptor antagonist, KGNOP1, as exhibiting greater activity on cold hyperalgesia and thermal nociception compared to the clinically used opioid analgesics, tramadol and morphine, respectively, paralleled by a superior benefit-to-respiratory toxicity ratio.

Treatment of nociceptive pain is currently based on opioid analgesics; however, at the risk of the occurrence of numerous unwanted side effects, including dependence and respiratory depression.^[@R41]^ Management of neuropathic pain is more difficult since well-defined and specific mechanisms involved are still lacking.^[@R9]^ As mechanism-based treatments are superior to disease-based or cause-based treatments, hybrids have been developed to act on multiple receptors involved in pain modulation. For instance, targeting 2 distinct pathways to produce analgesia may potentiate the overall analgesic effects and reduce adverse effects by requiring lower doses. Additionally, agonism or antagonsim of distinct targets can be achieved by combination therapy (ie, using drug cocktails) or by the use of designed multiple ligands,^[@R38]^ single chemical entities able to bind 2 or more well-chosen receptor types. Both strategies have proven their efficiency, but major advantages of designed multiple ligands consist of an early onset, less expensive optimization in the drug discovery process, and less complex pharmacokinetics.^[@R38]^

Several hybrids have been developed to improve opioid action, to treat both nociceptive and neuropathic pain or to reduce opioid-related adverse effects.^[@R23]^ Studies investigated opioid agonist/NOP receptor antagonist compounds and hybrids for their efficacy.^[@R17],[@R19],[@R51],[@R52],[@R56]^ Studies addressing the function of N/OFQ, the NOP receptor endogenous ligand, in pain and analgesia remain contentious. The NOP receptor agonism is modulated by the administration route (intracerebroventricular vs intrathecal) and the doses (high doses producing analgesia^[@R21],[@R24],[@R45],[@R46],[@R49],[@R55]^ while low doses producing hyperalgesia and anti-opioid effects).^[@R7],[@R16],[@R20],[@R32],[@R33],[@R37],[@R44],[@R46],[@R50]^ However, most of the studies assigned a pronociceptive activity to N/OFQ and thus to NOP receptor agonism,^[@R34]^ explaining why NOP receptor antagonists in combination with MOR agonists were chosen to develop novel hybrids.^[@R19]^

The new MOR agonist/NOP receptor antagonist KGNOP1 was developed to treat both nociceptive and neuropathic pain to reduce opioid-related adverse effects. In our current study, effects on cold hyperalgesia in SN-CCI rats were early onset, as early as 5 minutes after KGNOP1 IV injection, and maintained for 420 minutes, whereas effects on thermal nociception were delayed up to 180 minutes. As previously shown,^[@R13]^ delayed antinociceptive effects of KGNOP1 are not related to limitations in its brain distribution by the blood--brain barrier. The in vitro cell-based human model together with the blood--brain barrier--parallel artificial membrane permeability assay suggested that KGNOP1, KGOP1, and KGNOP3 are transported by active mechanisms and not through passive diffusion.^[@R13]^ KGNOP1 was more efficient on cold hyperalgesia by ca 4000-fold than tramadol (ED~50~: 0.0031 vs12.1 μmol/kg) and ca 100-fold than KGNOP3, its parent NOP receptor antagonist pharmacophore (ED~50~: 0.0031 vs 0.29 μmol/kg), suggesting that combining the 2 pharmacophores has contributed to the observed enhancement in KGNOP1-related anti-neuropathic pain activity. Notably, KGNOP1 displayed similar potency in our rat model of neuropathic pain after IV administration when compared to the recently developed opioid analgesic, cebranopadol (KGNOP1 ED~50~ = 0.0031 μmol/kg vs cebranopadol ED~50~ = 0.8 μg/kg corresponding to 0.002 μmol/kg).^[@R26],[@R28],[@R41]^ Similarly to cebranopadol, KGNOP1 was shown to be more potent in the model of chronic neuropathic than acute nociceptive pain. KGNOP1 is only a weak antagonist of NOP receptor (K~i~ = 42 nM and pA~2~ = 5.39).^[@R13]^ One possible hypothesis to explain its increased efficacy on neuropathic pain in comparison to its parent compound KGNOP3 could be related to interactions with heterodimerized opioid receptors. Emerging data support the hypothesis that heterodimerization of distinct G-protein-coupled receptor arises spontaneously, altering the pharmacological properties of the individual receptors.^[@R1],[@R11]^ Interestingly, the NOP receptor has also been shown to form heterodimers with MOR in different cell lines.^[@R30],[@R40],[@R53]^

We also established that KGNOP1 acted more efficiently than morphine on thermal nociception, being ca 35-fold more potent (ED~50~: 0.41 vs 14.7 μmol/kg). This could be explained by its higher affinity to MOR in comparison to morphine (K~i~: 5 vs 14 nM).^[@R13],[@R43]^ Our group has recently described one opioid/neurotensin hybrid developed to improve opioid-related antinociceptive activity.^[@R22]^ Neurotensin induces both pronociceptive at low doses and antinociceptive effects at high doses. The opioid/neurotensin hybrid showed greater antinociceptive effects in comparison to saline and morphine after intrathecal administration in rats. Similarly, the antinociceptive activity of this opioid/neurotensin hybrid was greater after IV administration in mice in comparison to saline and morphine.

The opioid/NOP peptide hybrid KGNOP1 investigated in this study had a better profile than an opioid agonist/neurokinin1 (NK1) antagonist^[@R22]^ whose parent compounds remained more efficient in the treatment of nociceptive pain than the hybrid, whereas in neuropathic pain, the hybrid was more efficient than the parent compounds and morphine.^[@R13]^ This hybrid has been found to prolong opioid antinociceptive action, prevent pain worsening, and treat neuropathic pain via its NK1 antagonist part.^[@R12]^ In chronic pain conditions, prolonged opioid treatment leads to increase substance P secretion and NK1 receptors expression. NK1 antagonists block the signal induced by substance P, an endogenous neurotransmitter that is a pronociceptive peptide involved in pain signaling.^[@R29],[@R48]^ To date, KGNOP1 appears to have a favorable efficacy in both nociceptive and neuropathic pain when compared to the hybrids previously developed.^[@R19],[@R51],[@R52]^

However, KGNOP1 and KGOP1 were responsible for nonsignificant distinct opioid-induced effects on ventilation (ED~50~(T~I~): 0.63 vs 0.52 μmol/kg), resulting in comparable deleterious respiratory depression (ED~50~(V~M~): 0.57 vs 0.66). The KGNOP1 was responsible for inducing more marked opioid-induced effects on ventilation than morphine and tramadol (ED~50~(T~I~): 0.63 vs 12.2 and 50.9 μmol/kg, respectively). KGNOP1-related respiratory depression was more severe than that attributed to morphine and tramadol (ED~50~(V~M~): 0.57 vs 10.6 and 50.0 μmol/kg, respectively). The NOP receptor involvement in respiratory depression is not proven, contrasting with the well-established relationship between respiratory depression and MOR agonists.^[@R41]^ We assume that the NOP receptor antagonism may enhance MOR activity and thus could explain enhanced KGNOP1-related respiratory toxicity. Accordingly, N/OFQ, the endogenous agonist ligand of NOP receptor, functionally antagonizes MOR.^[@R43]^ Additionally, MOR/NOP heterodimerization and its resulting impairment in MOR-activated signalling pathways may contribute to NOP-mediated anti-opioid effects in the brain.^[@R51]--[@R53]^

As a result of the calculated ratio of anti-neuropathic pain/antinociceptive to respiratory effects, KGNOP1 appears to be much safer when considering it for the treatment of neuropathic pain than tramadol (ED~50~ ratio: 5.44 × 10^−3^ vs 0.24, ca 40-fold safer than tramadol). KGNOP1 also has a better safety profile with respect to nociceptive pain than morphine (ED~50~ ratio: 0.72 vs 1.39, ca 2-fold safer than morphine). The benefit-to-respiratory toxicity ratios attributed to KGNOP1 were less than 1 meaning that its antinociceptive and anti-neuropathic pain effects appeared at lower doses than its deleterious effects on ventilation. Interestingly, steepness of the dose--effect relationships of KGNOP3 and tramadol (anti-hyperalgesia effects, Fig. [2](#F2){ref-type="fig"}), KGNOP1 and morphine (antinociception effects, Fig. [4](#F4){ref-type="fig"}), and morphine (respiratory effects, Fig. [7](#F7){ref-type="fig"}) was relatively marked as previously established with morphine.^[@R31],[@R36]^ However, steepness may be variable, depending on the rat model, including the strain, the age, the gender, and the development opioid tolerance as well as the test system used to investigate antinociception, including the experimental conditions and the delay between the measurement and the drug administration.

In the current study, we did not perform pharmacokinetic investigations. Comparing the effects of drugs with different pharmacokinetics and ke0 could thus be questioned; however, our ED~50~ values were calculated at one given time initially determined at one given dose and should thus be interpreted only under these conditions. We determined the benefit-to-respiratory toxicity ratio using the well-established and generally accepted system, the ED~50~ side effect vs ED~50~ analgesia. Since the therapeutic and toxic effects of our tested drugs involve different mechanisms, the ED~50~ is clearly the best parameter to use as representing the point of maximal slope and therefore greatest precision.^[@R5]^ Although this approach may have some limitations related to the conditions of ED~50~ determination, more importantly when the ke0 differs amongst the tested drugs, the benefit-to-respiratory toxicity ratio as determined in our study is reasonable when comparing doses at a specific level of response. Otherwise, our hybrid may be less efficient if administered orally or subcutaneously, thus limiting its extensive use in humans. To date, when the hybrid was administered orally to mice at doses of 61, 122, and 196 nmol, no analgesic effects were observed even at such high doses, suggesting limited oral bioavailability.^[@R13]^ Further investigations are also needed to better characterize KGNOP1-related effects on tactile hyperalgesia and tactile and thermal allodynia. Tolerance development should also be a major concern as previously demonstrated for morphine in mice: repeated administration of an analgesic dose of morphine induced more marked tolerance to antinociceptive than to respiratory effects.^[@R35]^

In conclusion, our new bifunctional MOR agonist/NOP receptor antagonist peptide hybrid KGNOP1 exhibited greater dual activity on cold hyperalgesia and thermal nociception compared to tramadol and morphine, respectively. KGNOP1-related effects on ventilation are marked but these deleterious effects appear at significantly higher doses than its analgesic effects, resulting in an improved benefit--risk index in comparison to the conventional opioids. Thus, KGNOP1 appears promising for the dual treatment of nociceptive and neuropathic pain and it should be an excellent candidate for future clinical development.
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